Microcystis aeruginosa is a cyanobacterium that can form harmful algal blooms (HABs) producing toxic secondary metabolites. We provide here draft genome information of four strains of this freshwater cyanobacterium that was obtained by the Next Generation Sequencing approach to provide a better understanding of molecular mechanisms at the physiological and ecological levels. After gene assembly, genes of each strain were identified and annotated, and a genome database and G-browser of M. aeruginosa were subsequently constructed. Such genome information resources will enable us to obtain useful information for molecular ecological studies with a better understanding of modulating mechanisms of environmental factors associated with blooming.
Microcystis aeruginosa is a unicellular colonial cyanobacterium belonging to a type of harmful microorganisms that can produce a harmful hepatotoxin, microcystin. Their blooms can be induced by diverse environmental conditions in freshwater ecosystems, resulting in health risks for aquatic biota and those organisms interacting with the contaminated sites in the water environment [6] . To date, several research groups have attempted to uncover the molecular mechanisms of toxin synthesis during blooming conditions of M. aeruginosa. Specific molecular mechanisms leading and maintaining the blooming state still remain unclear, owing to limited gene/genome information. This holds for the genus Microcystis, but also for other microalgae that cause harmful algal blooms (HABs). Until now, only one research group has provided genome information of the bloom-forming toxic cyanobacterium M. aeruginosa NIES-843 [4] .
To obtain more detailed gene/genome information from toxic and nontoxic cyanobacteria, high-throughput and time-efficient methods are necessary. Recently, several genome sequencers (e.g., GS system and SOLEXA) are available for massive complementary DNA (cDNA) or genomic DNA (gDNA) sequencing. In particular, the Genome Sequencer-FLX system developed by 454 Life Sciences (Roche Diagnostics Corporation) produces millions of raw bases in a short period of time. This instrument also provides some advantages such as minimal steps for sequencing, efficiency without cloning procedures, convenience from sample preparation to data analysis, and cost-effectiveness. For these reasons, we have employed a GS-FLX platform to establish a useful "-omics" approach for a better understanding of the correlation between gene expression and diverse environmental factors within the aspects of their basic ecology, physiology, and blooms.
In this study, gDNA information was obtained by GS-FLX pyrosequencing from four strains of M. aeruginosa including three strains that are blooming in South Korea. After assembly, the genes were identified and annotated. In an attempt to provide such information openly for diverse researches worldwide, we established both a draft genome database for each strain and a G-browser system for all strains. This gene information will enable us to pursue a comparative and environmental "-omics" approach (e.g., microarray development, gene mapping, further genome sequencing, etc.) using cyanobacteria.
MATERIALS AND METHODS

Microcystis aeruginosa
The cyanobacterium M. aeruginosa NIES-298 strain (Taxonomy ID: 1126, Microcystis aeruginosa (Kutzing) Lemmermann, Lake Kasumigaura, Ibaraki, Japan) was provided by the Microbial Culture Collection at the National Institute for Environmental Studies (NIES, Tsukuba, Japan) and grown in BG-11 medium. The strains FCY-26, -27, and -28 were collected from Lake Paldang (KMMCC-1516), Lake Ok-Jeong (KMMCC-1518), and Geum River (KMMCC-1519), respectively. These three strains were provided by the Korea Marine Microalgae Culture Center (KMMCC, Pusan, South Korea) and were grown in Jaworski's medium. All strains were maintained at a temperature of 25± 1 o C with a 16 h light and 8 h dark cycle under fluorescent light.
Genomic DNA Extraction
Genomic DNA was extracted as a manual protocol. Briefly, pooled cyanobacterium for each strain was homogenized in a genomic DNA extraction buffer (100 mM NaCl, 10 mM Tris-Cl, pH 8.0, 25 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), 100 µg/ml proteinase K, 1 µg/ml RNase) and incubated in a water bath at 55 o C overnight. The gDNA was extracted with phenol/chloroform and chloroform, and recovered after brief centrifugation (9,000 rpm, 10 min) with 0.2 vol of 10 M ammonium acetate and 0.5 vol of isopropanol. After washing the gDNA with 70% ethanol, it was stored at 4 o C in TE (10 mM Tris-Cl, pH 8.0, 1 mM EDTA) buffer.
The strain identity was confirmed by sequence analysis of the 16S rRNA gene as a life barcode.
gDNA Library Preparation A gDNA library was prepared according to the manufacturer's instructions (Roche Applied Science, Genome Sequencer FLX System). gDNA was fractionated into smaller fragments that were subsequently polished (blunted). Short adaptors (A and B) were then After nick repair, the non-biotinylated strand was released and used as a single-stranded template DNA (sstDNA) library. The sstDNA library was assessed for its quality and the optimal amount (DNA copies per bead) needed for emPCR was determined by titration.
Pyrosequencing
Pyrosequencing was performed in NICEM (Seoul National University, Seoul, South Korea) with the GS FLX sequencer. Constructed sstDNA library was clonally amplified via emPCR, thereby generating millions of copies of templates per bead. The DNA beads were then distributed into picoliter-sized wells on a fiber-optic slide (PicoTiterPlate), along with a mixture of smaller beads coated with the enzymes required for the pyrosequencing reaction, including the firefly enzyme luciferase. The four DNA nucleotides were then flushed sequentially over the plate. Light signals released upon base incorporation were captured by a CCD camera, and the sequence of bases incorporated per well was stored as a read.
Assembly, Gene Annotation, and Mapping For the assembly process, we used the Newbler Assembler Software (ver. 1.0.53), and the gene prediction was carried out using Glimmer 3.02 [2] with an expectation value threshold of 0.01, and the resulting assembled contigs were aligned with other cyanobacteria genome information from the GenBanknr (including all GenBank, EMBL, DDBJ, and PDB sequences except EST, STS, GSS, or HTGS amino acid sequence database) using BLASTX. Subsequently, the data were sorted out with read length, gene annotation, GenBank number, E-value, and closely matched species and their accession number. Pyrosequencing, assembly, and gene annotation were performed at the NICEM, Seoul National University (Seoul, Korea). Gene mapping was performed using a software BLAST Ring Image Generator (BRIG) [1] . ANIb, ANIm, and the correlations of the TETRA signature were analyzed using the JSpecies software tool as described by Richter and Rosselló-Móra [7] . COGs of five strains were analyzed using the gapped BLAST program after masking low-complexity and predicted coiled-coil regions in the COG website (http://www.ncbi.nlm.nih.gov/COG).
RESULTS AND DISCUSSION
Comprehensive genome information of four strains of M. aeruginosa was constructed by the pyrosequencing method, and deposited at the GenBank genome database (NIES-298, PRJNA91065; FCY-26, PRJNA84433; FCY-27, PRJNA91061; FCY-28, PRJNA91063). Contigs analysis and gene prediction were performed using the whole genome of M. aeruginosa NIES-843 as a reference that contained 6,312 genes distributed in 5,842,795 bp [4] . From our studies, raw information for each strain is shown in Table 1 for NIES-298. To evaluate genome similarities, several in silico parameters, such as the average nucleotide identity (ANI) and tetranucleotide (TETRA) signature, were analyzed between draft genome information of each strain and the whole genome of M. aeruginosa NIES-843 using the Jspecies package as a useful method for analyzing draft incomplete genome [7] (Table 2 ). When M. aeruginosa genome drafts were considered with ANIb/ANIm values above 90/96% identities between different prokaryote genomes, they corresponded to single species based on high correlation coefficients. In our results, all the strains were comprised within the threshold of the ANI boundary, representing the same species with M. aeruginosa NIES-843. Additional results of TETRA signature reinforced the ANI analysis with a very high correlation value >0.99. To date, whole genome information of several cyanobacteria has been reported, but the specific genomic structure of toxic cyanobacteria still remains unclear except for M. aeruginosa NIES-843. Therefore, such genomic information will be very useful for further research on comparative genetics and genomics in M. aeruginosa.
To annotate and identify gene information, all the assembled contigs were compared with both the nonredundant (NR) database and the whole genome of M. aeruginosa NIES-843 using several bioinformatics tools with base composition rate and their similarity (Table 1) DRAFT GENOME DATABASE OF THE CYANOBACTERIUM MICROCYSTIS AERUGINOSA 1212 as a gene map (Fig. 1) . In addition, we confirmed that 1,947 genes were commonly found in all strains (Fig. 2) . These genes can be used to make a probe set for biomarker development and gene expression profiling using both real-time RT-PCR and/or microarray application. To predict rational functions of individual proteins or protein sets, all the draft genome information of the four strains were applied for a classification step using the database of Clusters of Orthologous Groups (COGs) of proteins. As shown in Fig. 3 , several COGs were identified against sequence comparison of the proteins encoded in complete genome information of other cyanobacteria. The total number of COGs was 2,445 for FCY-26, 2,594 for FCY-27, 2,420 for FCY-28, and 2,474 for NIES-298. After comparison to the 3,569 COGs of M. aeruginosa NIES-843, their percentage contribution was 69% for FCY-26, 73% for FCY-27, 68% for FCY-28, and 69% for NIES-298. However, significant differences in COGS were not identified among entire COG categories in different strains, suggesting that the four strains belong to a single species of M. aeruginosa. Finally, based on draft genome information of the four strains, a G-browser was constructed that can be accessed easily and in order to compare their genomic structure by the public (http://nature.snu.ac.kr/ cgi-bin/gbrowse/NC_010296).
In the present study, next generation sequencing (NGS) technology has proven to be very powerful for discovering new genes, as demonstrated by the GS-FLX platform [5] . NGS-based genome analysis has been successfully performed also in other cyanobacteria Synechocystis sp. PCC 6803 1213 Rhee et al. [9] and in making a high-resolution map of transcriptomes [10] . However, there are still a few reports available on genome database construction of the genus Microcystis, although many of their strains are known to provide potential model organisms for aquatic "-omics" research areas in diverse freshwater environments. Based on the number of genes and the quality of reads compared with whole genome information of M. aeruginosa NIES-843, our findings, using 4 strains of M. aeruginosa, support the notion that the GS-FLX method would be a remarkable approach to identify more genes, particularly when compared with the conventional laborious EST sequencing method. To date, environmental "-omics" approaches are able to provide a more effective assessment of certain metabolism and environmental biomonitoring at the molecular level [3] . Moreover, these molecular approaches are also important requirements to establish potentially useful biomarkers in non-model organism including cyanobacteria. The application of genomes information enables to analyze massive expression profiles of either transcriptomes or proteomes in aquatic model organisms [8] . Thus, this study would serve to increase the available gDNA sequence information of a potential model species for environmental biology using the cyanobacterium, M. aeruginosa.
